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AND ON PIN DESI&N 
By F. L« Thompson and R. Rt Cllruth 



SUMMARY 



A discussion is §ivea of the important aspects of the 
stalling of vertical tail surfaces. The type of instabil- 
ity encountered- is descriTjed and the possihilities of in- 
advertent occurrence are noted. The influence of direc- 
tional stability on the behavior of an airplane when the 
tail stall takes place is discn-ssed. In this connection, 
fli<;ht tests of a twin-engine airplane in which the ver- 
tical fin area was increased are cited. The reasons for 
inadequate directional stability in certain modern de- 
si.?ns are accounted for and the properties and applica- 
tion of dorsal fins are discussed. In addition, the chief 
factors regulating the requirements for conventional fin 
area are given, in which connection a simplified criterion 
for directional stability is presented. 

It may be concluded that the stalling of vertical . 
tail surfaces is not in itself a dangerous condition. 
Provided sufficient directional stability exists at large 
angles of sideslip, the tail stall may occur with modern 
airplanes, as with those of the past, without the knowl- 
edge of or concorn to the pilot. 



INTRODUCTION 



A deficiency in vertical fin area has been a rela- 
tively common occurrence in airplanes during the past few 
years, and in many cases it has been necessary to increase 
the vertical tail area of the original design after pre- 
liminary flight tests. The difficulties experienced have 
been manifested in various wajs. In some cases it has • 
been an annoying directional oscillation-, a conventional 
form of directional instability. Another source of annoy- 
ance has been the development of large negative -pitching 
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moments in sideslip. This condition has Tseon particularly 
ohjectiona'ble when experienced on aii'p3.anes of low lon^?!- 
tudinc?il st«s,"bilit y, since it requires that the olev.ntor 
HovoEiont must lie carefully coordinated with the ruider 
movement to prevent divini? upon entry into a sideslip and 
stalling on recovery from a sideslip. Another difficulty 
experienced is that in some cases the uustahle moments 
have exceeded the maximum capacity of the -fin, so that 
when sideslips have "been produced intentionally or in- 
advertently due to moments produced "by the rudder, p.syni- 
metric power or gusts, stalling of the vertical fin has 
Tjeen produced and a reversal of rudder force experienced. 
This latter condition is the one given chief consideration 
in the present paper. The chief "basis for this discussion 
is data accumulated in the flight research lahoratory of 
■the National Advisory Oojnmittee for Aeronautics, in an ex- 
tensive flight investigation of the flying qualities of 
various airplanes. This investigation has included tests 
of airplanes of varied size from small, li<;ht, two-place 
airplanes to the largest multiengine hom'bers. 



INSTABILITY ASSOCIATED WITH THE STALLING 
OF VERTICAL TAIL SUHFACES 



Under certain conditions, airplanes hecome unstable 
directionally at large angles of yaw as a result of the 
stalling of the vertical tail surfaces. This directional 
instability is" manifested in the form of a reversal of the 
rudder hinge moment, as a result of rhich the pilot must 
force the. ruddsr "back to neutral to return to miyawed 
flight. This condition is of more concern for the large 
airplanes than for the small ones "because the rudder 
forces are so large in comparison with the pilot's strength. 
Airplanes othorwiso possessing sufficient directional sta- 
bility, may suffer this reversal of rudder force when tail 
stall occurs. 

In cases where the reversal of hinge moment is of a 
magnitude which exceeds the pilot's strength, an equilib- 
rium of yawing moments occurs at a large angle of yaw, as 
a result of which the airplane experiences a rapid rota- 
tion in yaw accompanied by a rolling motion, depending 
upon the dihedral effect. Comparable conditions may be 
simulated in a normal airplane by holding the ruddor over 
manually. 
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In the relati-Tely small airplanes, recovery from this 
condition is possi"ble "by returning the rudder against the 
sideslip, .In lar^c airplanes, as mentioned above, the 
rudder may "b© too heavy to return, and the proper use of 
asymmetric throttle may "be the only recovery moans avail- 
aisle to the pilot. It is important to note in this con- 
nection that the inherent pilot reaction, namely, <;ettin^ 
the nose down, is undesirable folloiTins the rudder rever- 
sal, "because the aerodynamic forces \Thich hold the rudder 
ovor will "be increased by the increase in speed. It is 
also true, hbiTOver, owing to the change in pitchin^F; moment 
which usually accompanies large sideslip angles, that con- 
fusion may occur as to what t.he an^le of! attack actually 
is. There is, therefore, danger that the rotation in yaw 
may degenerate into that of a true spin. 

In cases where the sideslip is deliberate and grad- 
ually, entered as, for example, during tests, the imminence 
of the tail stall has been indicated by a definite light- 
ening of the rudder force. fhis warning is of little 
value, however, where large sideslip angles are reached as 
a result of atmospheric disturbances or following sudden 
engine failure in a multiengine airplane. 

RELATION BEO?WEEN AN&LE OF BAUK AND 
ANGLE Off SIDESLIP 



The relation existing between' angle of bank and angle 
of sideslip in airplanes of modern type, throws an inter- 
esting light -on the possibility of attaining this type of 
directional instability inadvertently. It will be appre- 
ciated that with the instrument equipment ordinarily in- 
stalled in the airplane the sideslip angle remains' an un- 
known quantity, whereas the angle of bank- can be readily 
determined. Thus it is usual to resort to the angle of 
bank while sideslipping as an index of the angle of side- 
slip. The characteristic that actually determines what 
the angle. of bank can bo for a given sideslip, is the 
amount of cross-wind force that the airplane can develop 
at that angle of sideslip. This cross-wind force is made 
up chiefly of the lateral component of propeller thrust 
and the side force on the fuselage, and these quantities 
are so variable that the angle of bank is totally unrelia- 
ble as an index of the angle of sideslip. During a por- 
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tion of tlie previously mentioned investigation of flyin? 
qualities of various airplanes, therefore, the NAOA has 
made use of a sideslip indicator or recorder. The instru- 
ment consists simply of a vane free to pivot about a ver- 
tical axis and alino itself with the relative -.^ind. The 
angle of the vane is either recorded, or o"bservcd Tay some- 
one within the airplane. By this- moans, the nngle of 
sideslip and corresponding angles of "bank have "been detor- 
minod for a number of airplanes. 

An interesting feature of the results is that the 
sideslip angles in many cases were surprisingly lar'je, 
particularly in view of the relatively small angles of 
bank experienced. The relation between angle of b.inl: and 
angle of sideslip for a typical case for the powor-on con- 
dition is shown in figure 1, It will bo noted th.it the 
angle of bank for a given amount of sideslip varies with 
the air speed, and that at l0'.7 speed an angle of bank of 
onlj' 4*^ corresponds to a sideslip angle of 16". That this 
angle of bank, which is the pilot's index of the magnitude 
of the sideslip, may be very small is noteworthy in con- 
nection with the possibility of attaining excejiaivo side- 
slip inadvertently. The modern tendency seems to bo to- 
ward characteristics that permit the airplanes to side- 
slip with so little bank that adequate directional stabil- 
ity at large angles of sideslip has become increasingly 
important. 

In the above case, when the sideslip angle of 16^ was 
reached, the vertical tail stalled, the rudder force re- 
versed, and strong rotational tendencies developed. This 
condition occurred with about one-third full rudder de- 
flection and, as previously noted, tho corresponding an- 
gle of bank at low speed was not more than 4°. Character- 
istics of this general nature were experienced with sev- 
eral airplanefs, but there were also several cases in which 
equilibrium was established at sideslip angles ranging 
from 30° to 50° without the development of unstable tend- 
encies. These facts indicate that some fr.ctor in addition 
to the stalling of the vertical tail surfaces nust regulate 
tho behavior of airplanes at large nnglos of sideslip. 
They also indicf?te that 'the wind tunnels must provide means 
for testing models at much larger angles of yaw than hag 
been customary in the past. 
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DSPSHDMOa Of BSHAVIOH ON DIREOGPIONAL 
STABILITY OEASAOTERISTIOS 



Flight tests of T-arious airplanes have shown that the 
tail stall is not in itself a source of danger because, in 
some cases, angles of yaw as ^reat as 50o have "been record- 
ed in sideslips without the development of any unstalile 
tendencies. Yet, in other^ cases, directional instability 
is developed at comparatively low c?,n?los of yaw. In this 
connection, detailed tosts of a particular twin-engine 
airplano were very illuminating. On this airplane it was 
found that a vertical tail stall could he produced in all 
conditions of flight, hut that the "behavior of the air- 
plane after the stall occurred was dependent on the rud- 
der an^le required to obtain the stall. With flap up, 
vovrer- on, f or exiample , a rudder angle of only 9° produced 
.16° yaw. The resulting tail stall was accompanied by a 
reversal of rudder hinge moment. With flap 'down, power 
off,, however, 20<^ of rudder was required t.o obtain the 
tail stall at ah angle of yaw of 16° as before. In this 
case, as Indicated by tufts placed on the vertical tail 
surfaces, the stall complete as in the other condi- 

tion but the reversal of hinge moment did not take place 
and, insofar as the behavior of the airplano was concerned, 
the pilot was unaware that the tail surfaces had stalled. 
It was apparent from these observations that the rudder 
floating angle increased considerably when the fins stalled 
In the power-on, flap-up condition, this floating angle ex- 
ceeded that required for equilibrium in yaw, as a result 
of which the reversal of hinge moment occurred. In the 
flap-down, power-off condition, the rudder trim angles 
were always well beyond the rudder floating angles regard- 
less of the flow condition. 

In order to improve -the characteristics of this air- 
plane, the fixed vertical tail area was increased by about 
80 percent. The airplane was originally equipped with 
twin vertical tails and the increase in area of the fixed 
surfaces was accomplished by adding a third fin without 
ruddor at the fiiselage center line. Flight tests with the 
additional fin area showed that the directional stability 
had been increased about 140 percent in the flap-up, power- 
on condition.- Approximately 23° rudder deflection wa's re- 
quired to reach 16° of yaw, as compared with the original 
condition which required but 9° of rudder. When the tail 
stall occurred, the increase in floating angle of the rud- 
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der irae a^ain indicated Tnit this time, by a sliglit decrease 
in rudder force rather than "by an actual hinge moment re- 
versal. A comparison of.the orii?iaal and rodified condi- 
tions of the airplane is shown in figure 2, where rudder 
force and deflection p,re plotted against sideslip an^le. 

She' curves of fi<?ure 2 shovr that the increased fin 
area caused a considerable increase in rudOer an^le and 
rudder force required to attaiir a given sideslip an^^le 
and, hence, had the desired effect of restrictin? the 
sideslip. It does not necessarily follow, however, that 
there was a reduction of directional control or increase 
of rudder pedal forces required of the pilot for esorntial 
conditions of operation of the airplane. In the condition 
of primary concern from this stanJtioint, sin?le-en-?ine 
fli»;ht, the rudder forces for epuilibriuin at zero yaw wero 
not affected by the additional fixed fin area. In the 
ruddcr-frce mode of operation, the additional directional 
stability made possible yavvin^ equilibrium undor condi- 
tions whore the asymmotric moments had produced tho tail 
stall and directional instability in tho original airplane. 



REA30SS ffOR IJJADECiUATB DIREGTIOITAL SSA3ILITY 



The reasons for a general tendency toward inadequate 
directional stability at large angles of yaw, seem to 
lie in the effect of refinement in fuselage shape and a 
general increase of wing loading. Airplr.ne fuselages hnve 
become large in proportion to the wings and at the sane 
time have become aerodynamically refined in shape and 
therefore increasingly unstable. Designs have approached 
in appearance an airship with stub wings rather than the 
so-called "flying-wing type," The unstable moment that 
the fin must overcome in order to make the airplane diroc- 
tionally stable is contributed chiefly by the fuselage, 
the contribution of the wings, except with deflected ai- 
l^^rons. being generally small. This fact indicates that 
the fin should be proportioned according to the size of 
the fuselage rather than in accordance with the wing area. 
In other iiords, it is hardly to be expected that the fin 
area which was able to overcome satisfactorily the unsta- 
ble fuselage noments on an airplane having a wing loading 
of 15 pounds per square foot, can be reduced to one-half 
that area when the wing loading is increased to ^0 pounds 
per square foot by reducing the wing area one-half. Par- 
ticularly is this true if the fuselage has at the same 
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time been refined in shape and thereby allowed to retain 
its instability to very large angles of yaw. A more final 
criterion that is usually applied when the wind-tunnel 
data on a' particular model are available, is the slope of 
the curve of yawing moment coefficient against angle of 
yaw or sideslip. A thought worth keeping in mind in this 
connection, is the significance of the fact tha,t the yawing 

yawing moment 

moment coefficient is defined as -g-;^ where q. 

is the dynamic pressure, S the wing area, and b the 
wins; span. Since the^ moment is divided by the product 
of wing area and wing span, a reduction in wing area for a 
given fuselage siso gives an erroneous impression, for it 
tends to increase the value of the coofficiont for a given 
value of the moment. If -the reduction of wing area is 
such that th3 wing retains the same geometric plan form 
and the moment actually remains constant, the value of 
the coefficient will increase in proportion to the ?/2 
power of the ratio of wing loadings. If the wing loading 
is doubled, for example, this ratio would indicate that 
the yawing moment coefficiont should be practically treb- 
led. Thtis an adjustment of the slope used as a criterion 
in accordance with this effect of wing loading appears 
necessary, 

OHARAOTERISiriOS Of DORSAL PIK9 



Airplanes which have adequate stability for normal 
flight nay suffer a reversal of rudder force when angles 
of yaw ■ sufficient to stall' the vertical tail surfaces are 
reached. This condition is indicated in the wind tunnel 
when the yawing-noment curve with rudder free reaches zero 
at a point other than zero yaw and signifies that the rud- 
der floating angle is greater than the rudder angle re- 
quired for equilibrium of yawing moments. An- effective 
means for preventing this occurrence is by the use of dor- 
sal fins which have the. effect of decreasing the unstable 
moment of the fuselage at large angles of sideslip with- 
out exerting much influence on the directional stability at 
small an?les. Wind-tunnel data (unpublished) which illus- 
trate the effect of dorsal fins are given in figure 3. 
That their function is primarily one of reducing unstable 
fuselage nonents is shown by the fact that the yawing mo- 
ment slope at snail angles of yaw. is unchanged.' At large 
angles of yaw, however, their effect is pronounced. At 
20'^ yaw, for example, fins of only 2^ percent of the fuse- 
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la?e diameter in width reduced the unsstahle fuselai;6 cior.ent 
"by approxicately 40 percent. Fins of ^jreater width were 
proportionately nore effective. Although oliviously dorsal 
fius cannot take the place of conventional fin area at low 
angles of yaw, they are an effective and convenient means 
of increasing directional stability in the region where 
tail stalling is encountered. In this respect their ef- 
fect is one of making the well streamlined fuselage behave 
more like those with flat sides and sharp corners. 



SIMPLIfllL GSISEHIOH TOR SATISFACTOSY PIN AREA 



Regardless of the amount of analytical work that may 
he applied to a ^iven design, a decision as to the fin 
area required usually involves consideration of a rela- 
tively simple criterion that evaluates past experience in 
relation to the new design. The one used subsequently 
has the merit of involving fundamentally important fac- 
tors, namely, the fuselage dimensions in relation to the 
fin area. This treatment of the subject is somewhat sim- 
ilar to that discTXSsed by Diehl in reference 1. Accord- 
ing to the equation given for the yawing moment for an 
elongated ellipsoid of revolution by Munk in reference 2, 
the unstable moment of such a bodjr can be regarded as pro- 
portional to D^L, where D is the maximum diameter and 
L the length of the body, "fuselages, particularly those 
of modern types, would appear to simulate such a body well 
enough to fit the requirements of a criterion based on 
these dimensions. The stabillising moment of the fin to a 
first approximation ca,n be considered as proportional to 
the product of the fin area and the tail length I. 

The ratio of these two quantities gives and then may 

be considered as an index to bo employed in the comparison 
of different airplanes. In this simple form the criterion 
obviously does not take into account numerous variables 
that occur in fuselage shape and the effectiveness of fin 
area of a, given amount. There are, for exr.raple, consider- 
able data that indicate double tails, at loast in certain 
arrangements, that are not as effective as a single tail 
of equal area; that the directional characteristics of 
low-wing airplanes differ considerably from those of a 
comparable high-wing airplane; and that wing dihedral and 
aileron yaw' are contributing factors* Furthermore, it 
does not take into account the manner in which the verti- 
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cal tail is divided "by the fin. and rudder and does not ac- 
count for the effect of engine nacelles in the? wing. In 
spite of all these shortcomings, many of which are neces- 
sary TDecause of lack of knowledge of the magnitude of the 
effects involved, the criterion has the advantage that it . 
does relate the two major factors in a logical manner and 
a comparison of the values o'btained for several airplanes 
has proven instructive. Such a comparison is made in 
taTile I. 

.• It appears that all of the multiengine airplanes for 
which information was available were in the same category 
as regards the possibility of experiencing the rudder- 
force reversal, with the exception of the airplane which 
was modified "by increasing the fin area. Th© value of the 
iSf 

criterion, for this airplane was 0.50. It is also 

D L 

true, however, that the directional stability of most of 
these airplanes was adequate in all other respects, except 
at large angles of yaw. In these cases the reduction of 
fuselage yawing moments by a proper application of dorsal 
fins presumably would have eliminated the instability due 
to tail stalling without requiring an increase in the 
conventional fin area. It would then appear that smaller 
values of the crit.erion will suffice for airplanes equipped 
with dorsal fins or those in which the afterbody of the 
fuselage is shaped in such a way that the unstable moments 
are not retained at large angles of yaw. 



OONOLUDING REMARKS 



In conclusion, it is desired to repeat that the di- 
rectional instability at large angles of sideslip is asso- 
ciated with fin stalling but that fin stalling does not 
necessarily produce instability. It is when the stalling 
condition can be produced by a smaller rudder angle than 
that at which the rudder tends to float with the fin 
stalled, that trouble occurs. It follows that a reduction 
in the rudder floating angle for the stalled condition, as 
well as an increase in the rudder angle required to pro- 
duce the stalled condition, would be beneficial. In order 
further to clarify the problem and provide the proper quan- 
titative basis for design, considerable research on the 
characteristics of various, tail forms and on the flow con- 
ditions at the tail are needed. 
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Also, it is cLesirod to point out that it is not the 
intention of this paper to give the impression that he- 
cause one aspect of the prohleis is emphasized others arc 
not considered important. One worth noting is that en- 
lar?in<5 the conventional fin rill not increase the ahility 
of the airplane to develop cross-wind force and, hence, 
will not eliminate annoying changes in course when rou^^h 
air causes deviation of lateral attitude of the airpl«tne. 



L.?.n^le3- Memorial Aeronautical Lahoratory, 

National Advisory Oommittoe for Aeronautics, 
Langlsy Field, Ta. , SeptemTjer 18, 1940. 
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TABLE I. Comparison of Directional StalJility 



of Multionglne Airplanes 
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figure 2.- Variation of rudier force anl position with angle of sideslip 

for twin-engine airplane in original condition and as 

modified with, additional fin area (flap up, gear up, power on). 
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Figare 3.- Effects of dorsal fins on the yawing moments of a streamline 
fuselage of circular section (q = 16.37 Ib/sq ft). 



